I. INTRODUCTION
T HE III-V compound semiconductor solar cells are promising for high energy conversion efficiency because material's direct bandgap can yield high internal quantum efficiency. In the past decades, there are numerous III-V solar cell related research results [1] , [2] with superior performance.
However, the cost issue of III-V solar cells is usually a big concern. We can either reduce the material and processes cost or make the solar cell more efficient to drop the dollar per watt. The highly textured surface has been applied to both silicon and III-V materials [3] - [15] as one of the important methods. Most of the cases were used in silicon cases due to their high percentages of current solar cell products, while some examples [10] - [14] for III-V materials, which were based on nano-processes, have shown improvement as well.
In this work, we investigate a light harvesting scheme where a scalable and inexpensive bottom-up approach for self-assembled 600 nm-diameter polystyrene (PS) nanospheres on single-junction InGaP solar cells is developed. Because of extra scattering of the nanospheres, the path length can be effectively increased. It should be noted that, the self-assembly of nanospheres is one of the simplest and fastest methods to build a 2-D periodic structure. The related characteristics of the single-junction InGaP solar cells with and without utilizing the self-assembly nanospheres are studied. It is found that the nanospheres improve the short-circuit current; hence further the conversion efficiency of the single-junction InGaP solar cell.
II. EXPERIMENTS
The single-junction InGaP solar cell structures were grown by low-pressure (50 Torr) metal-organic chemical vapor deposition in a vertical reactor. A Si doped n-type GaAs substrate (100) was used for the substrate. Trimethyl sources of aluminum, gallium and indium were used for group-III precursors, while arsine and phosphine were used as the group-V reaction agents. Silane SiH and diethylzinc (DEZn) were used as the n-type and p-type dopant sources, respectively. The V/III ratio was kept about 200 under a growth temperature range of 600-670 C in this work. The photoluminescence peak emission wavelength of InGaP was approximately 655 nm at room temperature, and the lattice mismatch between epitaxial InGaP and InAlP layers and GaAs substrate was less than 0.2%.
The InGaP solar cell consists of an -InAlP back-surface-field layer [16] to reduce electron-hole recombination, an n-InGaP base layer, a -InGaP emitter layer, a -InAlP window layer, and a -GaAs contact layer to form Ohmic contact with an electrode. The front p-contact consisted of evaporated Ti (250 )/Pt (250 )/Au (5000 ), while Au/Ge (250 )/Au (5000 ) is the bottom n-contact. An anti-reflective coating of SiO film was used for reducing the reflectivity. The PS nanospheres with a plurality of 10 wt% were then spun on the surface. These nanospheres would naturally form into a closely packed hexagonal lattice. A schematic plot of the single-junction InGaP with PS nanospheres solar cell is shown in Fig. 1(a) . With properly tuned procedure, the area of the self-assembly closely packed 600 nm diameter PS nanospheres can cover nearly a full 4-inch size wafer as shown in Fig. 1(b) . The layout of PS nanospheres with closely packed hexagonal pattern can be seen in Fig. 1(c) .
III. RESULTS AND DISCUSSION
We first measured both transmittance and haze value of PS nanospheres on the glass. The transmittance spectra is scattered between 55% to 70%, and the haze value varies from 58% to 30% in the wavelength range of interest. Considering the difference of substrate (InP versus glass), we believe the results 1041-1135/$26.00 © 2011 IEEE are satisfactory on the transmission and very good in the haze value. Angular-reflective spectra were achieved by using a broadband Xeon lamp and a custom-built 15 cm-diameter integration sphere. The collected photons were analyzed by a spectrometer. The measured angular-reflective spectra of InGaP solar cell with PS nanospheres and without PS nanospheres were illustrated in Fig. 2(a)-(b) , respectively. The InGaP with PS nanospheres dramatically reduced reflectance in the range between nm and 750 nm and the applicable angles of incidence (AOI) up to 60 . We can reasonably state that the PS nanospheres is critical to minimize the Fresnel reflection at the air/solar cell interface. The periodic distribution of nanospheres provided an effective antireflective characteristic, and enhancement of diffracting and scattering incident sunlight on the surface. The enhancement of efficiency can be derived from the increase of [17] :
Where denotes the measured reflectivity, and the intensity of the AM1.5G solar spectrum. Therefore, the are higher when the reflectance is lower.
The photovoltaic -characteristics were measured under air mass 1.5 global illumination and room temperature conditions by a class-A solar simulator with a xenon flash tube of IEC 904-9 standard. Fig. 3 shows the photovoltaiccharacteristics of the InGaP solar cell with and without PS nanospheres. The device characteristics were summarized in Table I PS nanospheres provide a better light harvesting effect, and create an efficient light scattering into the InGaP solar cell. Especially, the response in visible spectrum range of 500-700 nm can be very encouraging since most of the sunlight energy is concentrated in this range. While most of the experiments tend to be in normal incidence condition, the direction of sunlight changes every hour during the day. So we need to make sure our PS structure can retain high efficiency insensitive to light incident angle. So an angular short circuit current measurement was performed. This measurement was achieved by using a class-A IEC 904-9 solar simulator with a xenon flash tube. The inset of Fig. 4 shows the angular-short-circuit current of the InGaP solar cell with and without PS nanospheres.
As we shall expect, the periodic PS coated solar cell exhibit drop than the non-PS samples when the sunlight deviates from normal incidence. This result corresponds the previous angular reflectance very well since PS samples showed angle insensitive reflectance much better than non-PS ones'.
Another important issue is to evaluate the effect of diameters of nanospheres. We can calculate the scattering capability by RCWA simulation on scattered power. Then we could normalize the scattered power at wavelength of 440 nm, 500 nm, 600 nm, and 700 nm, respectively. The normalized scattered power was defined in the following ( is the diameter of PS spheres):
From Fig. 5 , despite of a peak in 400 nm nanosphere, it shows that 600 nm nanosphere was optimal in a broader wavelength range.
IV. CONCLUSION
In summary, we develop an efficient light harvesting scheme to enhance the efficiency of single-junction InGaP solar cells using self-assembled PS nanospheres. These closely packed monolayer nanospheres are fabricated on the top surface of an InGaP solar cell by spin coating technique. This technique is suitable for high-throughput, large-area, and inexpensive processing. Due to the extra light scattering, the current-voltage characteristics, external quantum efficiency, and short-circuit current were found to be increased when the PS nanospheres are presented. Finally, an increase conversion efficiency of 10.47% was achieved in the single-junction InGaP solar cell with PS nanospheres.
